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A13STRACYJ’

‘1’wo  spacecraft  dcdicatcd to Very Im]Ig 13asc-
linc lntcrfcromctry  (VL131) will bc laullchcxl  in
1996 allcl  1997’ to make observations using basc-
lilws  bctwccl]  the space t e l e scopes  and  many
of the world’s  grou  IIcl radio tmlcscopcs. ‘J’hc
Jalmllcsc  ]Ilstitutc  o f  S p a c e  and Astv.mauti-
c d  Scic]~cc  ( ISAS)  wi l l  launch  VSOI”  (VI,BI
Space Observatory Program  me) in ,Scptcmhcr
199(3, wl)ilc  tl~c Russ ian  Asl,ro  Space Ccntcv
(ASC) i s  schcdulcd  to launcl)  l{adioAstrcm  i],
1997. Roth  s p a c e c r a f t  will o b s e r v e  radio
sources at frequencies near 1.7, 4.8, and 22
Gllz; l{adioAstron  will a l s o  observe  at 0 . 3 3
C]lz. l’l]c  basc]incs  between spacx  and  grouncl
telescopes will provide 3-10 times the rcsolu-
Lio]l available for grou]lcl VI,R1  at the salnc oh-
scrvi]lg  frequencies. Groul)d tracking stations
on four contil-lcnts  will supply the required pre-
cise f requency  rcfcrcllc.c  to cacli s p a c e c r a f t ,
measure the t w o - w a y  r e s i d u a l  p h a s e  allcl
1 lopp]cr  on tllc grouncl-space link, a?]cl rcxorcl
128 Megabit/s of VI,B1  data clow]]lillkcd from

-- -the spacecraft. ‘l’he spacecraft data arc mean -
iliglcss  without cross-correlation against the
clata  from Ylarth-houncl  tdcscopes,  which must
take p]acc at special-purpose VI,B1 condaticm
facilities. Therefore, participaiioll  by most of
the world’s radio observatories is ncdcd to
achieve substantial sc.icncc return from VSOP
ancl I-ia.dic)Astro]l.  g’he collaboration of several
m a j o r  s p a c e  agencies  and the ,gounci c)bscr-
vatorics,  wl]ich  generally follow vmy  different
]nodcls for allocation of observing time a]ld for
routine opcra,tions, leads to g rea t  comp]cxity
in mission planl]ing  and in day-to-day opcla-
tiolts.  ‘1’his  paper clcscribcs  some of tllosc CO1ll-
}Jlications  and tllc s t r a t e g i e s  being dcvclo~)cd
to assure ])rocluct,ive  scientific lnissic]]ls.

INTR.OI)UC’I’1ON ~’O SPACK VLJ31

‘1’llc Very  long }Iasclil]c  Illtcrfcrolndry  (V1.l;l)
tccllllicluc  (c.g;., ‘J’lIompsoII,  Moral], lb SwcIIsc)n
1 986) has bccm used  for ovm  25 years to ]nax-
i]nizc  Lhc angular  rcso]utic)]] of radio-cmittillg
astronomical objects. Wiclcly  scl)aratcd  radio
tclcscopcs  silnulta.ncously  observe the same ra-
d io  sourm at the same frcclucncy. ‘1’hc c{ata
a r e  digit  izcc]  al]d rccordcd  at a. r a t e  o f  over
100  h4cgabit/s  m] wiclcbm]d  vidmta]ws  or cas-
Scttcs. A highly accurate clc)ck at each tclc-
scopc  is USCCI to t ime-tag;  tl]c  data. IJollowillg
an obsmvatiol],  the rccordcd ciata  arc pll ysi -
cally  transl)ortcd  to a s])ecial-purpose correla-
tion  facility; i]] formaticm about tllc observing
conditio]ls,  r e c o r d i n g ,  and calil~ratioll  at cac~~
tc]cscopc also is tra]lsmittccl to tllc Vll}il  cor-
re la to r .  Cross-corrclatioI]  of clata  f rom each
pair of radio  tclcscopcs  is pcrforIIlcd  to derive
th(! source “visil)ility” a s  a functio]]  of Lasc-
lillc lcIIgtlI a]ld c)riclltatioll.  ‘J’lIc  collcrtion  o f
soIIrcc  visibi]itics  thcII  is used by the raclio as-
trc)noIncI  tc) moclcl or ma])  the radio source and
dmivc various astrophysical ]jaramctcrso

At a given  observing frequency, tl]c  rcsolutiol)
of grouncl-based VIJBI  is Iimitccl  by the phys-
ical climcvlsions  c)f tllc lht]). At the common
Vlilll observing; frcclucllcy  of 5 GIIz, a 10,000-
k m  basdi]le  conscspo  IIcls to aIl irltcrfcrometcr
fring;c s]mci]lg o f  abcmt  1 . 2  ll-lilliarcsccollds.
1 ligl]cr  rmolutio]l  CaII bc ohtai][cd  citllcr by us-
ing  a higl[cr  observing; frcqucllcy  or by ])]acing;
onc tdcscopc  of a VIJHI system iIl space, first
suggcstcci  scrious]y  i]] the ]atc 1 970s (e.g., J’rc-
ston,  l]agar,  & l~illlcy 1976;  13urkc 83 R o b e r t s
1 979).  Sillcc ciifl”crcmt  source co]nlm]]cl]ts  ciom-
inate at diffcrcllt frcqucllcies,  ancl  brightl]css-
tc]npcrature  mcasurcmmts  dcpc]]d  on t h e
pl]ysical  base l ine  lcllgth ratllcr tllall  t,llc ang;u-
lar rcsolutio]l,  tl~c two al)])roacllm  to higher res-
olution  can bc vicwcxl as cc)]ll])lcl]lcl]t:lly.
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SDacc VIJB1 (SVI,BI) obscrvatims  p r e s e n t
cLallcIIgcs  bcyo;  ld thos;  found in grollnd-based
VI,]31 experiments. C;ross-corl[:latiol]  rc!quircs
an acmratm  mode l  for the relat ive sigrlal de-
lay (:LIld its clcrivativcs) for each telescope  pair.
Wl)cll  one  telescope is in space, this rcxluirc-
mcnt translates to a Ilced  for ]Iighly  accurate
orbit detmlnination.  T})C o b s e r v i n g  frCqUCll-
cics and time of reception for each data san]-
plc must bc accurately known, requiril)g  a frc-
qucllcy refcrcncc on the spacccrail  that is conl-
parablc  in quality to a hydrogen maser. ‘J’his
rcfmwllcc  can bc gcllcratcd  by transferring the
stability of an lta,rth-basccl  frequency standard
f r o m  cacll tracking  station to the spacmraft;
residuals from the two-way link are rcxmrdcd
for usc at  the corrclator.  Rccausc  VIJBI  d a t a
mus t  be mcorclccl at a rate of more thal[  100
Megabit /s  for  cxtcnclcd  periods, a widclmnd
clowlilink  is nccc!ssary. Finally, the ancillary
clat  a rcx]uircd for cmrclation m u s t  he
con stru  ct ccl from a combination of spa.cccra{t
tclcmctry and trac.killg-statioll  logs.

‘1’hc tcxl]nology  r e q u i r e d  f o r  SV1/131 was
demonstrated in a series of observations carried
out from 1986 through 1988 (I,cvy ct al. 1986,
1989; l.inficlcl  et al. 1989, 1990). in tllosc cx-
pcrimc!nts,  the ‘J’racking and ])ZLta ]k]ay Satc]-
litc Systcm  (rJ’DRSS)  was used together with
large radio telescopes in Japan  and Australia
to ohscrve  a number of  radio sourcm  at frc-
quc!nci~!s of 2.3 G}lz  and 15 GIIz. lntcrfcrcncc
fringes WCJW found on basclixlcs  as long as 2.15
l’;arth  diameters (close to the maximum basc---
-line sampled), and crude models were made of
tllc observed radio sources. ‘J’hc successful ob-
servations  dclnollstratcd  the tcchnica,l  fcasibi]-
ity and scientific potential of SV141 ]1 observa-
tions,  a~ld h a v e  led directly  to the dcclicatcd
SVI,III satellites that arc schcdulcd  for laullcll
in the next scwcral  years.

VSOP AND RADIOASTRON
MISSIONS

‘J’hc Vl,l\l  Space o b s e r v a t o r y  l’rograImnc
(VSOI’)  satellite will bc lau],chcd  in %ptmnhcr
1996 by the Ja])anese  Institute of Space and
As t ronau t i ca l  Sc.icnce (I SAS). ‘1’IIc l{,adioAs-
tron spacccra.ft, part of the Spcctruln  series of
ll~issions  ul)dcr dcwclopmcnt  i n  ILussial is  bc-
i]tg I)uilt  }jy Lhc Astro Space Ckvltcr (A SC) a~ld
the l,avocllkin  Association al]d is scllcdulcd  for

laul]ch  ill 1997. l’;ach  spacecraft will carry an
& 10 meter dcployahlc  radio telescope together
with rcc.civcrs  capable of making observations
at s tandard VIjll  I frcqucncics  in tlic gigal]crtz
ratlgc. ‘1’hc IIominal  mission lifctilnm arc a})-
proximatcly  3 years. VSOI) wil l  lw ill an cl-
li])tical  orbit  with an apogee height of about
22,000 km, while RadioAstroll  will bc ill atl cl-
li~)tical orbit w i t h  a n  a~]ogcc  hcig]lt  of al)out
77,000 1{111. ‘1’al)lc 1 su]nmarizcs  a Tlllltll)f:r  o f
the features of tllc missions,  while h’igurcs 1
ancl 2 arc skctcllcs  o f  t}lc  twc) s]mcccraft. ‘J’l)c
primary scimtific  g;c)als  of both spacecraft will
lx the imaging and modelins  of the nuclei of
active galaxies (quasars, 131, I,accltac objcc~s,
and radio ga]axics) as WC.11 as invcsti~atio]ls  of
011 and 1120 maser emission within our own
Galaxy. Although the operational lifetimes of
the two s]lacccraft  arc cxpcctcd to overlap, they
will operate indcpcndmltly  in the sense that
they gmcra~ly will not, observe tl)e  same sollrccs
silllllltallcollsl~’.
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‘J ‘ahlc 1. SVl  J131 Missioll  Cllarac,tcristic.s

Mission—

‘J ICICSCX)})C
Mass
l)ata  Iiate
Frequency

l’crigcc IIt.
Apogee ]lt.
1 ‘cried
IIlclillation.—

VSOI)—

8111
800 kg

128 Mb/s
~~ ~]1~
4.8 (;}Iz
1.7 Gllz

1,000 km
22,000 km

6.6 IIr
- 310

l{adioAstron

10 In
5000 kg

128 Mb/s
22 Gllz
4.8 Cxllz
1.7 G]lz

0.33 GIIZ
4,000 km

77,0001<11”1
28 ]11”

510

I]otl]  sl)ac.ccraft  will make usc of an ul>link  to]]c
;Icar  8’GIIz  (RadioAstron)  or  15 GII~, (VSO1’)
to establ ish t}lc  oll-boarcl  frm]umlcy  rcfercnm.
On-board transponders will cnah]c  rm]nd-trip
liIiks with the grouIJd  tracking stat ions,  ‘J’hc
two-way pl)asc  o]i tliis  li~lk will bc used to cs-
tal)lisl]  tllc mm in tl)c  s p a c e c r a f t  frcclucllcy
sta[idard and to  de r ive  I)o])plcr  data tlecdcd
for accurate orl)it  dctmn i nation. I’L3C11 s])acc-
craft wi l l  dowlllillk  tllc widcl)alld  VI,]]] d a t a
at  15 Gllz. 11’or furtllm  descri~)tions  of the I{a-
dioAstron  and VSO1)  lnissiolls,  scc Kardasllcv
and ,Slysl]  (1 988) alicl IIirosawa  ( 1991 ), rcs])(x:-
tiv[!ly.
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Figure  1. Skctchof  VSOP spacecraft .

--

Figure2.  Skctchof  RadioAstron  spacecraft .

Because of the need to maintain a two-way
phase link and a wicleband  data l ink during
observations, scientific data can be gathered
only when a spacecraft is in direct  contact with
a ground tracking station. Ihrthcrmore,  t he
quality of the scientific results depends criti-
cally on the sampling of the aperture plane by
the space-ground baselines. so a. globally dis-
tributed  tracking network is crucial to the suc-
ccss of VSOP and I{adio  Astron. Therefore j t h e
11 .S. National Aeronautic.s a[lcl  Space Adnlin-
istra.tiol]  (NASA ) is  f~lndillq fo[lr grouncl  stat-
ions  tha t  w i l l  b(’ dctlicatc:[i  tc) t r a c k i n g  t h e
two spacecraft. ‘1’l)rt’c  new 11 -m wltcnnas  will
he built, onc each  al the N J\S t! tracking com-

p]cxcs in California. Spain. arlcl Australia. A
fourth statioll  will be at the National Radio As-
tronomy Observatory ( NRAO ) facility in Green
~allk,  west Virginia, and wi]] make U S C! of an
existing 14-rn antenna. In addition, VSOP will
be tracked by a new 10-m atltcl)rla  to bc built
at Usuda,  J a p a n , while RadioAstron will be
tracked by a 32-m antenna at Ussuriisk  [near
Vladivostok), Russia, allcl  possibly by another
antenna near Moscow.

INTERNATIONAL PARTICIPATION
IN VSOP AND RADIOAS’I’RON

‘1’he  spacecraft tracking described above is only
one aspect of the substantial international par-
ticipatio~l  in the VSOP and RaclioAstron  nlis-
sions.  The flight receivers for RadioAstron  are
being built by I“illland  (22 GHz), the E;uropean
Space Agency (4.8 GHz), Australia (1.7 GHz),
and collaboratively by India ancl Russia (0.33
GHz). IIigllly  accurate orbit determination will
be provided by Japanese ant] Russian agencies
and by NASA’s Deep Space Network (DSN).

A required element unique to SV1,BI  is the
participation of large networks of ground ra-
dio observatories, most of which are independ-
ent of the agencies building and tracking the
spacecraft. Some of these ground  observatories
not affiliated with space agencies include the
Very Long Baselil]e  Array, the Very Large Ar-
ray, ancl t}lc  100-m Green Bank Telescope now
under construction, all operated by NRAO; the
members of the European VI~B I Network, con-
sisting of telescopes in England, Germany, the
Netherlands, Sweclen,  ltaly,  and China, as well
as associate members in Poland, Ukraine, Rus-
sia, Finland, C,ermany, and France; the Aus-
tralia Telescope National Facility; Nobeyama
Raclio  Observatory (Japan); the Comn~unica-
tions Research Laboratory (Japan);  Hobart
Observatory (Australia); IIartcbecsthoek  Ob-
servatory (South Africa); and the Giant Me-
trc Wave Raclio  ‘1’clcscope  (Inclia).  Other par-
ticipating radio telescopes more closely related
to the space agencies include the 70-nl  anten-
nas of the JNASA DSN, the 64-In 1S/1S antenna
at Usuda,  ancl the 70-nl  atltcllnas  l o c a t e d  i n
Russ ia  (lJssuriisk)  and in the lJkrainc (Evpa-
toria).  ]tach observatory has its OWI1 m e t h o d
of allocatil]g  ti!nc amollg  a variety  of scientific
reques t s .  il]cludi)lg  VI,BI aIld a host of other
radio astronomical programs. Although the



grou]id  Lclcscmycs  arc rcquilwd  for any  sc.icmcc
mturl] frolll  VSOI) and RadloAstron~ most  am
not under  the contrc)l of  the s p a c e  lnissiolls.
‘1’hcrcfore,  a significant  aspect of  tllc  planning;
for VSOl’  w)d l{,adioAstroll  h a s  l~ccn tllc }Jro-
ccss of negotiation between the space missious
and ground ohsmwatorics,  whcrcill  the n.xcls  of
the missions arc balanced with the other  scient-
ific priorities of tl)c ohservatorics,

‘1’llc primary bodies csta,blishcd  for the scien-
tific  management of the missions are the Ra-
dioAstron  l~~tcrnatic)nal  %icntific  Council
(RISC) and h VSO1’  lntxm]ational  Sc ien t i f i c
Council  (VISC). Each is co-chaired by a rc]b
rcscmtativc  of the Russian (RISC) or Japanese
(VISC) project and a rcprcscntativc  of the out-
side  illtmvlationa] community.  ‘J’hc RISC a n d
VISC con ta in  rcprcscl!tatives  of the ILussial!
iLI)cl Japanese projects, foreign space a encics,
ancl Other participating organizations finclud-
ing  ground  ohscrvatorics).  Hcc.ausc  VSO1’ and
l{aciioAstroll  face many of the same problems
an c1 must sham rcsoumcs  su CA as tracking st a-
tiol)s,  grou]]d  tc]cscopcs,  and correlation facil-
ities, there is considerable overlap bct,wcc]l the
mcml)crsl~ip  of  the VISC and the RISC. l;ach
organization meets formally twice per year,
wi th  additicma] inforlnal  disc.  ussio]ls  held dur-
ing  other international mccti]]gs.

SCIEN~’IFIC ACCESS  AND GROUND
0J3SEIWAT(3RY PARTICI1’A’I’1ON

‘1’hc policies for granting observing time 011
* VSO1’  and RadioAstron  arc tllc subject of on-

going  discussions that will be colnplctcd  only
WIICI1 tllc all:]olll]c.clllellts  o f  opportu)lity  arc!
formal] y released. The standard practice for
space astrophysical obscrvatori  es has been to
rcscrvc some fraction (up to 10070) of t~~~ ol~-
scrvi]]g  time for those individuals and organi-
zations that have built the spacecraft or coil -
tributcd  scientific instruments. ‘J’his  rcscrvcd
time often is used to carry out kcy scicllcc  pro-
g:ams that arc the primary goals of the mis-
s]ons.  II] contrast, the long- standil]g  pra)cticc  of
most radio  observatories is one of OpCll  access
hascd  solely on scientific peer review a~ld in-
dcpcndc]]t  of an illclividual’s  organizatiolial  or
IIational affiliation; they ty])ic.ally have little or
lio rcscrvcd  tilnc. IIowcvcr,  it is I]ot possib]c  to
schcdulc  SVIJI;  l programs without some guar-
antee that particular time periods will bc made

av~i]a,})](:  (0 ~,])(: S])ac(:  ]]lissi~lls I)y t]]C glolll)d
ohscrvatorics,  sillcc tllc scicnlt,ific rcturl]  of ally
specific, ohscrvatioll dCpQIIdS cri t ical ly o]) the
clistributio])  of t)l]c ])artici})atillg  groll]ld  tclc-
Scopes.

l“or b o t h  VSOI’ and RadioAstroll,  t he  agrcx-
mmlts that have l)CCII made to date specify
an o])cn peer-review pyoccss  hascd on scientific
lncrit  a]ld tcch]lica]  fcasihility  of cacll proposal.
Scientific. rcfcrccs will bc selcctcd  from amo]]g
nominees provided hy tllc participating orga-
nizatio~ts. A fcnv k~y science Progralns  (e.g.,
a survey for hig}l brightness tcln])craturc,  or
mon i to r ing  o f  slll)erlulnilla]  motiolts)  will I)C
l i s t e d  i n  tllc allnounccmcllts  of op])ortuliity.
Many of the mc]nhcrs  of the kcy science tcalns
m a y  be sclcctcd hascd o]l tllcir pro]) osa)s.  l\cp-
rcscntativcs  of organizations that IIavc made
substant ial  cmltributions  to tllc s])acccraft slid
]Ilission dcvc.lopmcn~t  also may he added to the
key scicwcc teams l)y tl]c  RISC and the V] SC.

‘J’hc  Global Vl,l\l Working Group, co~lsistillg
o f  tl)c  c]ircctors  of m a j o r  radio ol~scrvatorim
or their rc])rcscl]tativm, has negotiated ground-
tclcscopc  ])articipation  with tl]c  s]jacc  lnissions.
l]ascd  o]) the gcllcral  })hilosophy  of acc{!ss f o r
tl~c l]igl]csl-  cluality  scicllcc,  many ground  ohscY-
vatorics  have ]]ow made coil-llllitll]cllijs of solnc
fraction of their ol)scrvirlg;  time for at least the
first yea r  o f  the  SVI,II1  missiolis.  ‘1’lIc expec-
tation  is that tllosc commi tments  wi l l  bc rc-
ncwccl  if the quality of the scicllcc  rcturl] dur-
ing  the first year is c(~l]llllc]tslllatc  with that
of tlic  otl[cr science l:)cillg  dolie }Jy these obscr-
Vat,orics. ‘1’ypical  colnlllitlllcllts  froln  the  ma-
jority of the world’s majo~ radio olmxwatories
range from 10(,0 to 30% of their total olmm’-
ing tilnc ill a year. 11] most cases, the commit-
ments have been made to a gmlcral  SVljlll  ])001
of observing time that would cover both lnis-
siolls,  with I,llc llllc]clstz~ll(lillg  that  tl)c  missio]]s
will divide tl]at time as sc.icntifically  a]~propri  -
atc. IIcspitle  tllc subs t an t i a l  comlnitmcl~ts of
time froln  ground  observatories, the need for
significant IIulnbcrs  of tclcsco]ms  to observe for
a  l a rge  part of a day ill order  to prcJducc  a
sil)g;lc  SVIJI II image  ilnplics  that tile scient if ic
rctur]l  of tllc missions may Lc lilnitcd  hy tllc
lacl{  of ground tclcscopcs,  particularly if boil)
slmc.cc.raft  a r c  ill orbit silllllltallcc)llsl~~.  l~xtcll-
sivc ol)scrvjng  silnulatio]ls  arc ill ])rogrms  to {dc-
tcrmillc the lnilli]]lul]]  numlmrs  of grou])d  telc-



smpcs KXl Uid to make olwm’ations  of diffcr-
cn]t t y p e s .  Ultimatcly)it  may h up  to tll~ ill-
vcstigators,  t,l)c scientific rcwicwms,  the illtcr-
nationa]  scicmcx  coul)cilsl  and the schcdulcr(s)
to dctcrmitlc  tllc scientific t,raclcoffs  between a
large numbm  of observations employing a mini-
ma I nuInbcT  of tc]cscopcs  and a smaller number
of observations using more grounc] tclcscopcx.

SCIENTIFIC  SJMUIATIONS  A N I )
SCIIEIIULING

711]c planning  of the missions and analysis of
the sciclitific  rc%url)  has bcmcfitcd  trcnnmldously
froln  tllc dcwclopmcnt  of a variety of software
packages that simulate diflcrcnt  aspects of the
lnissions. Simulation packages llavc  Iwcn dc-
vclopcd  by 1) .  Murphy at the Jet Propulsioll
laboratory (J]’],

2
; R. ‘1’aylor and G. Young  a t

the Universi ty o Calgary;  11. Kobayasl]i  al~d
collaborators at lSAS; 1,. Gurvits,  V. Yakimov,
ancl collaborators at ASC;  and 1. Fcjcs  and col-
laborators  at the lnstitutc  of Gcmdcsy, Cartog-
raphy,  and l{clnotc  Sensing in I Iungary.  (See
l’cjcs  ct al. 1994, and Murphy ct al. 1994.) Onc
of the most important functions of the soft-
ware is to silnu]atc  the aperture-plallc covcr-
agc for cliflcnwnt  combinations of tracking sta-
tions and ground tclcscopcs,  given the kllow)l
spacecraft constrai~lts. ‘J’he packages can pro-
duce plots of the aperture-plane covcragc  as a
function of source position or time for an as-
sumed set of partici~)ating  g round  tclcscopcs,
and some also analyze the detection  thrcsllo]ds
and image quality for those covcragcs for an

-- assulncd  source  m o d e l . ‘1’wo early succmscs
of the J}’], simulations were the rcalixatiolls
that the  VSOP tclcmctry an tenna  lnask and
a ltadioAstro~l  radiator constraint significantly
rcducccl  t}m missio]ls’  scientific rcturlls;  subsc-
clucnt  redesigns reduced or removed tl]ose  con-
straints.

‘1’llc continuing development of t)le  simu]atioll
software has two main goals. ‘1’hc first goal is
to usc simulations as an aid itl scheduling the
missions. ‘1’hc software would bc used to an-
alyze the technical fcasiljility  of proposals and
tl]c  possihlc  tracking scenarios. Analyses  of tl]c
a]xnturc-plane coverage as a function of tinle
(particularly important for tl,c ra],id]y ],rcccss-
illg orbit of VSOI’)  will bc usccl to find  tllc op-
t imum time to schcdu]c  a particular scientific
ol~scrvaiioll. As an cxaml)lc,  lrigure  3 shows

tl]c  sy])tllcsizcd  apmturc  for a 5-GIIz  ol)scrva-
tiol] of 3(; 345 using I,l)c colnl)iI]ation  of’ VSOI’
and t h e  1 0  VI,l  IA tclcscopcs  at thrcx  difTcl-
clltl epoc]ls  separated by six montl]s  each (from
the  so f tware  writtcll  by 1). Murp]ly).  ‘J’llis  dia-
graln  plots the cast- w(!st and north-south com-
poncl)ts  of all salnplcd intcrfmomctcr  basclincx.
‘J’he top atld bottoln  panels SIIOW c.llallgcs  in the
synthcsimd  apcrtllrc over t ime dllc to precxx-
sion of tl)c spacecraft orl)it. ‘1’lIc nliddlc  lmtlcl
IIas no space-groulld Lascli]lcs  bccausc the ra-
dio source lies within  70° of tllc Su]I and car-
no t  bc ol)scrvcd  by the s~mcccraft.  ‘J’wo lnajor
diffcrcllccs  lJctwccll  s])acc-groulld  altd groul)d  -
ollly V11131  a rc  rcadi]y  apparmit:  (1 ) tllc pro-
jcctcd  basclillcs for tllc ground tclcsco~)cs alone
(SCC middle pall  cl) ~rc ]nuch  shorter than the
s~~acc-groulld hascllllcs; and (2) tl~c g r o u n d
Lasclillcs  (il~])cr  ~)ortion  of all three pallc]s)  do
Ilot cllaljgc  from II]olltli  to mont]l.

‘J’}lc scco])d IISC for tllc simulation software will
bc as all aid to the prospcctjvc  user. ‘1’llc user
software a.]id associated user guides will bc in-
tegral ])arts  of tl(c  announcclncl]ts  o f  o p p o r -
tuni ty.  I t  currcnt]y  is tlloug}lt  that tllc  m a i n
software packages to bc used ill ])roposa]  prepa-
rat ion wil l  bc those dcvclopcd  at J1’1, and at
tl)c  Illlivcrsity  c)f Calgary. ‘1’hcsc packages will
bc used as a tc)ol to falniliarize tllc  ])rospcc.tivc
u s e r  wit]] the com])lcxitics  of tllc SVIJH1 mis -
sioJls. 1 IC!tails  of particular obscrvatlions  then
CaJI bc sitnulatcd,  m)ablil}g a strollgcr  proposal
to bc written. ‘J’hc tools will also rcduc,c  the
numhcr  o f  tcc.hnical]y  in fcasib]c obscrvatio]ls
that am proposed, thus reducing t})c workload
ill tllc propc)sal  evaluation procxxs.

A strawman scheduling ])rograln  has been dc-
vclo])cd  I)y Il. Mcicr o f  J ] ’ ] ,  (Mcicr 1994)  t o
dctcrlnille  the need for grou]ld  radio tclcscopcs
ill support of ,SVI,l~I obsmwatimls.  After mak-
ing  assum])tiolls  al)out  the mi])i]nu]n  number of
tdmcc)p lIccdd for particular types of obscr-
vat, io]ls,  t]]c total rcquircmmts  011 tll C world’s
ground radio tclmcopcs  have been anal  yz(cd for
tlic c a s e  w h e n  citllcr VSOI’ or l{adioAstron
is  flyin?;  a]onc, o r  w h e n  tllc two  arc ill oper-
ation sil]lllltlallc[)llsly. ‘1’hcsc rcql]irmlc]]ts were
of great Ilsc in tl)c  :~folc]!l(:]ltic)l](:(l  ][cgotiatiol)s
for guaral Itc(xl grouIld  radio t,clcscop(: time.
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Figure 3. Aperture-plane coverage for 5-GIIz
observations of 3C 345 at 6-nlonth  intervals, us-
ing VSOP and the VI, BA. Projected baselines
arc given in units of millions of wavelengths.

~ldditiona]  software will be used to create the
scientific observing schedule. ‘1’his  software
would reqllire inpllts  such as the source co-
o rd ina tes .  t he  set of ground  ~elescopes  ava i l -
able at a particular frequency, anti the qual-
i~y of the aperture plane coverage as a func-
tlol] of time (based on the simulation software).
The output would be an observing program
that would achieve a high scientific return for
a given  set  of constraints on grouxlcl  and space
resources. Because of the need to finalize the
precise conllni  tments  of the grouncl  telescopes,
this schedule would be produced up to one year
in advance of the appropriate observation pe-
riod, but the scheduling procedures also must
be flcxib]c  e:~ough to accommodate co~ltillgen-
cics aboard the spacecraft or at any of the sup-
porting ground  facilities.

MJSS1OIN OPERATIONS

The details of the operations of VSOP and Ra-
dioAstron have been entrusted to two paral-
lel groups, the RadioAstroli  Scicmcc Operations
Group  (RSOG) and the VSOP Science Opera-
tions Group (VSOG). The groups’ membership
consists largely of representatives of the space
agencies operating the spacecraft, but also in-
cludes aflliated  international members such as
the clevelopcrs  of the simulation software and
(ultimately) representatives of the key science

teams. ‘l’he responsibilities of the RSOC and
VSOG include preparation of the announce-
ments of opportunity, development  of sinlula-
tion ancl scheduling software, production of
both scientific and detaileci  scheciu]es,  alloca-
tion of ground resources, coordination of the
daily operations of all international mission el-
ements, calibration of the space radio telescope
data, alld  overall mission performance assess-
ment. h4uch of the work on simulations and
scheduling has been, and will continue to be,
perforlned under the auspices of the VSOG and
RSOG. In the end, the scientific success or fail-
ure of VSOP and RadioAstron  will depend  on
t}le  effectiveness of the VSOG and RSOG in
coordillating  all the international participants.

The VSOG and RSOG have collc.entratcci  heav-
ily on the duties involved with pre-laullch  sci-
ence planning. ]tccent]y,  a subgroup to both
the VSOG a~ld RSOG was formed in order to
c.oordillatc  prc-laullch  planlling  of mission op-
mat, ions. I’his team includes representatives of

I



t,l)c different spa,cc agencies, t,racking  statiol)s,
ar]cl correlation facilities. I t s  kcy  rcspol]sibil-
ity is the .clcvclopmcnt  of  the detailecl  intm-
faccs  and proccclurcs  nccdcd  f o r  cxchatlgc  o f
data such as schedules, phase residuals, ancl
Corre]a,ior  input  logs. It also participates ill
dcvclopmcnt  of plans  for the ill-orbit  checkout
phases  and in gel) crating  agreements on the
o]mratiollal  rcspol)sibilitic%  of all mission clc-
m(!!lts.

A kcy aspect of the mission operations for
SVIJII]  is the dcvclopmcnt  of a reliable intcr-
IIational systcm  for d a t a  t r a n s f e r . Schcdulc
files ancl required updates must bc made avail-
ab]c in a timely fashion. A variety of track-
il]g, telemetry, and VI,]]]  data must take dif-
ferent,  somctimcx  circui tous paths  before ar-
riving  at the correlation facilities. ‘1’he rc]a.tivc
paucity of operations pcrsonnc]  implies that all
data-transfer tasks must be automated as much
as possible. Details of the intmna~iona]  data
tral]sfcr system for SVI,BI, inc]uding  the gcl]-
eratioll  of corrc]a.tor  i npu t  fi]cs, are prcscntcd
at  this  conference in a paper by Wicrcigroc.h
(1994).

0R131T  D E T E R M 1 N A T I O N

g’hc prilnary means of orbit dc!tcrmination  for
VSOI’ and RadioAstron  will bc the two-way
])opplcr  data derived from the 15-G}lz  and 8-
GIIz links between tracking statio)ls  al)d space-
craft. ‘1’hcse data wil l  be supplcmcmtcxl  b y
ra.tlge  and range-rate data from the spacecraft
command stations. Accurate predicted orbits--
arc needed for the tracking stations to follow
the spacecraft and to keep  the. two-way phase
rcsi d ua]s at an acceptably low lcwel. h4 orc ac-
c.ura.tc  spacecraft trajec.tories, with position
and velocity errors less than 100 meters ant]
1 cm/s, m.spcctive]y,  are required for the cor-
rc]ator moclcls.  in addition, acc.e]eratio~l errors
much smaller thatl 10-7 m/s2 arc needed to CII -
ab]c  long coherent integration tilncs.  Covari  -
ancc analyses have revealed that the lnost  diffi-
cult problem will be that of acl]icving  tllc veloc-
ity  and accelcra,tion  rcc]uircmcmts  near space-
craft pcrigcc.

‘1’hc two-way l)opplcr  data used fc)r orbit de-
termination must bc derived using a two-way
phase  link that is a J]CW feature for both VSO1’
aJld RadioAstroll. ‘J’hc  t racking stations  un-
der construction by different agcncics have dif-

ferm)t  i]lll)lclllclltatiolls  fo r  t}[at l i n k  a[ld tile
de r iva t ion  o f  the IIopplcr  data. It rclnaills  to
bc SCCII  whctl]cr  they will yield  data of compa-
rab]c quality in order to produce t,l)e accurate
orbit rcquirml for data correlation.

I)ATA ANALYSIS

VI.]]] data arc rccordcd ill real time, with  the
recordings broug]lt  together later for pairwisc
cross-  corrclatioll  at a special purpose correla-
tc)r. ‘1’l)c VI, III coJ’r(!lators USC Inodc]s  of clc-
l ay  alld de lay- ra te  to  dctcrmillc  the willclow
used for c.joss-corrclatio  ll; fits to the corrcJa-
tor output arc used to dctcrminc the locatio])
of the intcrfcrcncc frillgcs  and to derive visibil-
i t y  fujlctiojls  froln  the out})ut  data.  ‘I’l Ic per-
mitted va]ucs  of delay atld  delay-rate Jnust  be
considcxably  larger in SVI,  III than for groulld-
o]lly VI,]]] because of tllc longer bascli~lc ancl
higl]cr  re]ativc spccx]  bctwccn  space and ground
tclcscopm. S i n c e  OIIC clcmcnt is not fixcc{ to
tl]c  Ear th ,  a ncw  corrclator  il~tcrfacc  mus t  bc
built to i]lcludc  a spacecraft trajectory in the
]nodcl.  Mcmsurcmcllts  of the residual phase o])
the link  bctwcc]i  tracking  statiojl  and s})acc-
c ra f t  mus t  be in])ut at least 10 times pm scc-
ojld in order to account for frcqucl]cy  variations
caused by effects such as orbit  errors  ant] prop-
agation) of tllc uplink  l,onc throug;h  the l’;arth’s
tro~)ospl)crc  and i o n o s p h e r e .  Each V],]{] cor-
r(!]ator  is a oJlc-of-a-kind  system  of Ilardwarc,
firmwarcj  al)d sof tware ,  and prcscl]ts  a ulliquc
tccl]llical  cllallcllgc  to the processing of SVIJ}I1
data.

‘J’hc standard software l]scd for analyzil]?;  much
of Llic wor ld ’ s  r ad io  intcrfc!romctry  data is
t]lc  Astrollolnical  ]magc l’roccssing  Systcm
(AI1’S),  dcvc]opcd  by NRAO; VLHI  da ta  a rc
also proccsscd  usij)g  ot}lcr  software SLICII  as that
dcvelc)pcd  at tllc.  California IIlstitutc  of ‘l’cch-
no]ogy.  Al 1’S is  being upgraded by NRA()
in order to bc capab le  o f  proccssijlg  SVI,I]I
d a t a .  Ncw routill[x  a rc  being writtcll to ijn-
prove the dcicctiojl  of weak intcrfcrcncc fringm
ant] to follow those fril)gcs  forward OJ back-
ward in time. S]Jccial-lJlll”[)ose  software also is
l)cillg  written to cnal~]c im~)rovcd  IIlodclillg  of
tll[!  radio SOUIWS. ‘~’csts of soJnc ])arts  of this
sc)ftwarc  have bccl) performed using  the cxl)c!ri-
mcntal SVIJB1  data ol)taillcd wit]] ‘J’l)IMS, al]d
lnorc  arc aT)ticipatcd  in the I_ut,llrc.
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l’rol~lc]tis associated with proposing SVljl\I o11-
scrvaticms  and analyzing the rcsu]tillg  data will
bc considerably mom formidable than tl]ose  as-
sociated wi th  ground V],]+].  ‘1’hcrcforc, the ill-
tcrnational  partici]JaIlts  in tllc SVI,III ]nissiol]s
need to provide as much assistallce  as possible
to the scientists intercstccl  in using those mis-
sions. The simulation software dcscribcd  pre-
viously  is an important  part  of  the respo]]se
to this challcllge. On-line information, work-
shops,  and a r t i c l e s  in llcwsl~tters  and tl~c sci-
entific literature also are being developed in or-
der to assist prospective users. User support in
al)alyzing  SVI.HI observations using  the AIPS
software will be made available by NltAO at
their facility in New Mexico. Other Inissioll
participants will provide more limited support
of c]ata  analysis.
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